Phylogeographic study of brown trout from Serbia, based on mitochondrial DNA control region analysis by Marić, Saša et al.
Genet. Sel. Evol. 38 (2006) 411–430 411
c   INRA, EDP Sciences, 2006
DOI: 10.1051/gse:2006012
Original article
Phylogeographic study of brown trout
from Serbia, based on mitochondrial DNA
control region analysis
Saša M´ a, Simona Sˇ b,P r e d r a gS ´ a,A l e šS c∗
a University of Belgrade, Faculty of Biology, Institute of Zoology, Studentski trg 16,
11001 Belgrade, Serbia and Montenegro
b Karl-Franzens Universität Graz, Institut für Zoologie, Universitätsplatz 2,
A-8010 Graz, Austria
c University of Ljubljana, Biotechnical Faculty, Department of Animal Science, Groblje 3,
1230 Domžale, Slovenia
(Received 8 September 2005; accepted 19 December 2005)
Abstract – In order to illuminate the phylogeography of brown trout (Salmo trutta) populations
in the Balkan state of Serbia, the 561 bp 5’-end of mtDNA control region of 101 individu-
als originating from upland tributaries of the Danubian, Aegean and Adriatic drainages were
sequenced and compared to corresponding brown trout sequences obtained in previous stud-
ies. Among 15 haplotypes found, 14 were considered native, representing the Danubian and
Adriatic lineages of the brown trout, while one haplotype (ATcs1), found only in two individ-
uals originating from two stocked rivers, corresponded to the Atlantic lineage and was consid-
ered introduced. Native haplotypes exhibited a strong geographic pattern of distribution: the
Danubian haplotypes were strictly conﬁned to the Danubian drainage, while the Adriatic hap-
lotypes dominated in the Aegean and Adriatic drainages; most of the total molecular variance
(69%) was attributed to diﬀerences among the drainages. Phylogenetic reconstruction, supple-
mented with seven haplotypes newly described in this study, suggested a sister position of the
Atlantic-Danubian and Adriatic-Mediterranean-marmoratus (“southern”) phylogenetic group,
and pointed to the existence of a distinct clade, detected within the “southern” group. The
data obtained conﬁrmed our expectation of the existence of high genetic diversity in Balkan
trout populations, and we recommend more widespread surveys covering trout stocks from the
region.
phylogeography / Salmo trutta / mitochondrial DNA / control region / Balkan Peninsula
1. INTRODUCTION
Brown trout (Salmo trutta) phylogeography has hitherto been largely in-
vestigated and much of the current understanding has come from molecular
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studies based on nucleotide analysis of the mitochondrial DNA control re-
gion (mtDNA CR) [6, 8, 11, 13, 14, 17, 30, 31, 36, 37]. For the last decade,
it has been proposed [8] and subsequently agreed that ﬁve main evolution-
ary lineages of brown trout exist: the Danubian, Atlantic, Adriatic, Mediter-
ranean and the form marmoratus. Recently, however, it has emerged that some
regions may not have been suﬃciently sampled and that there is still a de-
ﬁciency of data from particular areas of the brown trout native range. For in-
stance, recent comprehensive studies of brown trout from the Iberian Peninsula
have revealed the existence of substantial polymorphism within the Atlantic
clade [30,36], so much that a new evolutionary lineage (Duero) has been pro-
posed [11,30]. Moreover, the same studies have revealed that the distribution
of Adriatic haplotypes far exceeds the range inferred by the name itself, and
that the “Adriatic” clade spans the tributaries of the whole northern Mediter-
ranean. In a recently released publication [31], a highly divergent haplotype
that grouped within the Danubian clade was reported to be found in the upper
part of the Tigris-Euphrates basin. These ﬁndings imply that the inclusion of
under-explored brown trout stocks in phylogeographic studies is crucial for a
fully comprehensive understanding of brown trout phylogeography and evo-
lutionary history of the species. One such poorly explored area with impor-
tance to the post-glacial faunal evolution and colonisation of Europe is the
Balkan Peninsula, now noted as a biodiversity hotspot [10,23]. This seems es-
pecially true if one bears in mind that the Balkan Peninsula (along with the
Apennine and Iberian Peninsulas) was a refuge area during the Pleistocene
glaciations [18,19] and might therefore represent crossroads of diﬀerent evo-
lutionary patterns and processes. The ichthyofauna of the Balkan Peninsula is
unusually complicated since each river basin, lake or mountain range has its
own faunal peculiarities [5]. For Salmo taxa in particular, the area is believed
to harbour the most phenotypic diversity present in brown trout populations.
This is reﬂected in numerous taxa (e.g. S. farioides, S. labrax, S. macedonicus)
that have been described for the region by early studies [20] (see also [22] for a
review), and still the status of the majority of these is uncertain. It has already
been pointed out that the absence of data from Balkan populations might be a
main reason for the lack of clariﬁcation of brown trout phylogeny [22]. So far,
only a limited number of studies investigating brown trout phylogeography in
the Balkan Peninsula have been undertaken and these are mostly allozyme and
mtDNA studies of Greek brown trout populations [2–4]. These studies, how-
ever, are not truly representative of Balkan populations, since they were limited
to few short coastal streams belonging only to the Aegean and Adriatic-Ionian
drainage.Phylogeographyof brown trout in Serbia 413
The territory of Serbia, one of the former Yugoslav republics, represents
a conjunction of three main watersheds of Europe: the Danubian (Ibar and
Morava rivers), Adriatic (Beli Drim River) and Aegean (Vardar and Struma
rivers) drainages [16]. This area thus provides a convenient sampling ground
likely to contain much phylogeographic information concentrated within a rel-
atively small geographic range. During the Pleistocene, geotectonic events,
including orographic mountain shifts and periodic volcanism [29] occurred in
the area, causing several connections between water basins to be interrupted
and reconnected, subsequently redistributing and isolating incipient trout pop-
ulations. These speciﬁc historical conditions imply that locally isolated stocks
do exist and strengthen the possibility that divergent lineages of brown trout
inhabit this area.
The main goal of the present study was to closely examine the genetic diver-
sity of brown trout in Serbia, using generally applied mtDNA CR as a marker
ofchoice, inorder totryto illuminate andresolve thephylogeography ofbrown
trout populations in previously unstudied parts of its native range. In order to
obtain a better insight into the relation between mtDNA haplotypes found in
Serbia and the published brown trout data, corresponding CR sequences of
several haplotypes already described for major mtDNA lineages were also in-
cluded in the phylogenetic analysis.
2. MATERIALS AND METHODS
2.1. Samples and DNA isolation
A total of 101 brown trout from 35 locations across southern Serbia were
collected by electroﬁshing and ﬂy-ﬁshing from 1997 until 2004. Sixty-one
of these individuals came from 23 sample sites distributed across the tribu-
taries in Serbia feeding the Danubian drainage, 20 from eight tributaries of the
Vardar and Struma rivers (Dragovištica River) basins (Aegean drainage) and
the remaining 20 from four upper stretches of the Beli Drim basin (Adriatic
drainage) (Fig. 1). Most locations were assumed to contain only indigenous
brown trout. The exceptions were the Gradac and Jerma Rivers (Danubian
drainage), which are reported to be occasionally stocked with both domestic
and non-indigenous brown trout (S. Ðor¯ devi´ c and A. Pani´ c, personal commu-
nication), and the Tripušnica River (Aegean drainage), which used to be virgin
of trout till 1978, when brown trout originating from an unknown source in the
Neretva basin (Adriatic drainage) were introduced (Archives of the Anglers’
Association Trgovište).414 S. Mari´ c et al.
Figure 1. Sampling locations in Serbia. Names and locations of sampling sites
are listed in Table I. The three main drainages are marked ( Danubian drainage,
• Aegean drainage,  Adriatic drainage).Phylogeographyof brown trout in Serbia 415
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Total DNA was isolated from ﬁn clips preserved in 96% ethanol using the
Wizard Genomic DNA Puriﬁcation Kit (Promega).
Mitochondrial DNA haplotypes reported in previous studies (At11a /
AY185578, At10 / AY185577, from the Danubian drainage, Austria [14];
MAcs1 / AY836365 from the Adriatic drainage, Slovenia; MEcs1 / AY836350,
MEcs7 / AY836356, from the Mediterranean drainage [12]; AdN / DQ297172
from the River Neretva, Adriatic drainage; Ma-s2 / DQ318130 from the Adri-
atic drainage, Slovenia) and used here for comparison, are represented in
Table II. Sequences of newly observed haplotypes described herein, are avail-
able in GenBank under Accession Numbers DQ318123 – DQ318130.
2.2. DNA ampliﬁcation and sequencing
The 5’-end of a 561 bp segment of mtDNA CR was chosen for sequence
analysis. PCR ampliﬁcation of the entire CR (ca. 1100 bp) was performed
using primers 28RIBa [27] and HN20 [7]. The conditions for PCR were the
following: initial denaturation (95 ◦C, 3 min) followed by 30 cycles of strand
denaturation (94 ◦C, 45 s), primer annealing (52 ◦C, 45 s) and DNA extension
(72 ◦C, 2 min). All PCR ampliﬁcations were performed in a programmable
thermocycler GeneAmp   PCR System 9700 (AB Applied Biosystems). A to-
tal PCR volume of 30 µL was used, containing 1 µM of each primer, 0.2 µM
dNTP, 1.5 µMM g C l 2,1× PCR buﬀer, 1 U Taq polymerase (PE Applied
Biosystems) and 100 ng of genomic DNA. Ampliﬁed DNA fragments were
run on a 1.5% gel and subsequently isolated from the gel using the QIAEX II
gel Extraction Kit (QIAGEN).
All sequencing reactions were prepared using a BigDye Terminator Ready
Reaction Mix (PE Applied Biosystems) according to the manufacturer’s rec-
ommendations. The control region fragment between the tRNAPro gene and
poly T-block was sequenced using primers 28RIBa [28]. Termination PCR re-
actions were performed in a programmable thermocycler under the following
conditions: 10 s denaturation at 96 ◦C, 5 s annealing at 50 ◦C and 4 min exten-
sion at 60 ◦C, repeated for 30 cycles. The ampliﬁed, ﬂuorescently labelled and
terminated DNA was salt-precipitated and analysed with an ABI P 310
automated sequencer.
2.3. Data analysis
Sequences of the 5’-end of the mtDNA CR (561 bp) were aligned us-
ing the computer programme ClustalX [35]. Maximum parsimony (MP) and418 S. Mari´ c et al.
Neighbour-Joining (NJ) analyses were performed using the computer pro-
gramme PAUP [32], with Salmo ohridanus (acc. no. AY260512) and S. salar
(acc. no. U12143) included as outgroups. For MP, insertions or deletions (in-
dels) were coded as a ﬁfth character. A heuristic search (10 replicates) with
TBRbranch swapping was employed to ﬁndthe shortest tree. ForNJ, aKimura
2-parameter model was chosen. Support for the nodes was obtained with 1000
bootstrap replicates for MP or NJ analysis.
Pairwise sequence divergences and net sequence divergences (between
groups) were calculated with the Mega3 programme [24], applying the Kimura
2-parameter model [21].
Basic phylogenetic relationships between the CR sequences were also pre-
sented as a network using statistical parsimony criterion [34] in the TCS 1.3
programme [9].
The distribution of molecular variation was estimated by hierarchical nested
analysis of molecular variance, Amova [15], using the software package
Arlequin [26]. Three hierarchical levels were considered: (1) between basins,
(2) among populations within basins and (3) within populations. Two models
based on the main drainages (Danubian-Aegean-Adriatic and Aegean-Adriatic
alone) were included in the analysis. The signiﬁcance of variance components
and Φ-statistics were tested by multiple permutations (1000×) of the original
data set.
3. RESULTS
3.1. Haplotype geographical distribution
Fifteen haplotypes were resolved with sequence analysis of 561 bp of
mtDNA CR in 101 individuals analysed. The observed haplotypes were clearly
segregated by major phylogenetic groups: the Danubian (Da), Mediterranean
(Me)-Adriatic (Ad)-marmoratus (Ma) (hereafter referred to as “southern”) or
Atlantic (At) (Fig. 3).
The highest level of haplotype polymorphism was found in the Danubian
drainage, reﬂected by the presence of eight diﬀerent Da haplotypes, one Ad-
and one At-haplotype (Tab. I). By far the most common haplotype was Da-s1,
representing 59% of all the haplotypes found in the Danubian drainage. The
other Da haplotypes were considerably less frequent (from 2 to 8%). Three ofPhylogeographyof brown trout in Serbia 419
them (Da*Vl, Da*Dž and Da*Vr) were newly observed. The Da*Vr haplotype
was most distinct and diﬀered remarkably from the remaining Da haplotypes,
apart from the Da*Dž haplotype, by mutation events at positions 228, 530,
542, 543 and 548 (Tab. II); the last four mutations were otherwise common to
the majority of the haplotypes belonging to the other lineages (Ad, At, Ma and
Me), while three of them (530, 542 and 548) were also characteristic of the
Da*Dž haplotype (Tab. II).
In the Aegean-Adriatic drainage, seven haplotypes (six Adriatic and one
Atlantic) were found. Four of them (i.e. Ad*Prz, Ad*Ti, Ad*Bož and Ad*Pe)
have not been described before and were characterised by mutation events at
sites 26, 126, 262, 387 and 543 (Tab. II). The Ad*Prz haplotype was found
to be the most abundant (27%) within the Aegean-Adriatic sampling locations
(though only found in two locations; Tab. I), followed by ADcs11 (25%) and
Ad*Bož (17%), the rest only appearing at low frequencies (Tab. II).
The Atlantic haplotype was found in two individuals only, one coming from
the Gradac River (Danubian drainage) and the other from the Brankovaˇ cka
River (Aegean drainage).
Most haplotypes found in this study exhibited a strong geographic pattern
of distribution: Da haplotypes were strictly conﬁned to the Danubian drainage,
whereas the “southern” ones dominated in the Aegean-Adriatic drainage with
the exception of ﬁve individuals from the Danubian drainage (all individuals
from the Jerma River and only one from the Vrla River) exhibiting the ADcs1
haplotype (Tab. I). Clear partitioning was also observed among the “southern”
haplotypes, which were strictly associated with either the Aegean or Adriatic
drainage except for the Ad*Prz haplotype, which was found in both drainages
(in the rivers Prizrenska Bistrica in the Adriatic and Tripušnica in the Aegean
drainage).
Under the model that considers the three main drainages (Danubian, Aegean
and Adriatic) as the highest hierarchical level, brown trout genetic variability
was partitioned signiﬁcantly into all three estimated components (Tab. III).
Most of the mtDNA molecular variance (69%) was attributed to diﬀerences
among the drainages, while a considerable amount of the variance (23%) was
also recorded within each drainage. Under the model that considers only the
Aegean and Adriatic drainages, the molecular variance partition between the
drainages was not statistically signiﬁcant (Tab. III). When the sample site of
the Tripušnica River was excluded from the analysis (see Material and Meth-
ods, and Discussion), the variance partition between the Aegean and Adriatic
drainages was statistically signiﬁcant (p < 0.001).420 S. Mari´ c et al.
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3.2. Phylogenetic analysis
The reconstruction of phylogeny by both parsimony and neighbour-joining
methods revealed similar tree-topology of haplotypes belonging to the main
phylogenetic brown trout lineages. The consensus tree rooted with two out-
groups (S. salar and S. ohridanus) (Fig. 2) revealed highly supported clear de-
limitation of two main clades (Da and At plus the “southern” clade). Topology
within both, the Danubian and “southern” clades was, however, less supported.
Particularly, the basal position of the Ad*Bož haplotype within the “southern“
clade had no bootstrap support for MP and only 54% bootstrap support for NJ.
Nevertheless, two already known subdivisions (Mediterranean and marmora-
tus) plus an additional one, composed of Ad*Prz and AdN haplotypes, were
identiﬁed within the “southern” clade, while the Adriatic clade (in the narrow
sense; see Introduction) was not resolved.
As inferred from the nucleotide survey, the members of the Me, Ma and
Ad*Prz-AdN clusters were characterised by similar number of intra-clade
synapomorphies, (positions 113, 262 and 530 for Ma, 146 and 196 for Me, 126
and 262 for Ad*Prz-AdN; Tab. II), which suggests similar deep divergence of
these clades.
In comparison to the “southern“ clade, the Danubian clade exhibited much
more profound genetic divergence (0.6% of “within group average genetic
distance”), three times the genetic divergence seen within “southern“ clades.
Regarding the branching pattern within the Danubian clade, the Da*Vr (and
Da*Dž) haplotype, which took the basal position in the clade was noteworthy.
Genealogical relationships among the haplotypes, seen in the minimum
spanning haplotype network (Fig. 3), revealed the central position of the Adcs1
haplotype within the group of “southern” haplotypes; the remaining Ad haplo-
types were equally related and diﬀered from the central one by a single muta-
tion event, with the exception of the Ad*Prz haplotype, which diﬀered by two
mutations. Within the Danubian clade, the central position was taken by the
Da-s1 haplotype, while the most distinct haplotypes were Da*Vr and Da*Dž,
separated from the central one by ﬁve and four mutations, respectively. Within
the whole network, the Da*Vr haplotype was more or less equally separated
from the Danubian (≥ ﬁve mutations), Atlantic (≥ ﬁve mutations) or “south-
ern” clade (≥ six mutations). This observation was highlighted through the
genetic distances (Tab. IV), which ranged from 1.05 to 1.23% between Da*Vr
versus the “southern” and At haplotypes, and from 0.88 to 1.23% between
Da*Vr and the remaining Da haplotypes, with the exception of the closely re-
lated Da*Džhaplotype, which was separated from Da*Vrby agenetic distancePhylogeographyof brown trout in Serbia 423
of 0.5%. The average genetic distance among the other Da haplotypes was
0.26% and 0.3% among haplotypes of the “southern” clade.
Figure 2. Inferred phylogeny of Serbian mitochondrial DNA (mtDNA) haplotypes
in relation to already published haplotypes of all ﬁve phylogenetic lineages within
Salmo trutta. The tree was constructed applying Maximum Parsimony majority rule
50% consensus algorithm implemented in PAUP 4 software package, using 5’-end
sequence of the mtDNA CR. Tree was rooted with S. ohridanus and S. salar se-
quences of mtDNA CR. Node support is shown by percent bootstraps (only those
≥ 50% are indicated) for MP majority rule 50% consensus (above the line), for MP
consensus (1000 replicates; ﬁrst bellow the line) and NJ (1000 replicates; second be-
low the line). Abbreviationsstand for:Me-Mediterranean,Ad-Adriatic,Da-Danubian,
Ma-marmoratus and At-Atlantic lineage within Salmo trutta species complex, as ﬁrst
presented in Bernatchez et al. [8].424 S. Mari´ c et al.
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4. DISCUSSION
The present study reveals the existence of three main phylogeographic
lineages of brown trout in the territory of Serbia: the Danubian, “southern”
(containing Ad and its related haplotypes) and Atlantic. Brown trout of the
Danubian and “southern” mtDNA lineages were expected to exist within the
corresponding drainages and this was found to be the case. However, the pres-
ence of the Adriatic haplotype in the Danubian drainage and the Atlantic one
in Danubian and Aegean drainages was not expected. The latter ﬁnding is con-
troversial for the streams of the upper Danube region, since it still has not been
determined whether the At lineage is native to the Danubian drainage as sug-
gested by some authors [8,37], or not. Regarding the situation in Serbia, both,
the Danubian and Aegean drainages are known to be stocked with hatchery-
reared strains. Since all At individuals bore the ATcs1 haplotype, which is
prevalent in commercially available strains, itis mostreasonable toassume that
it has been anthropogenically introduced into the Serbian rivers. The presence
of an Adriatic haplotype found in the Danubian drainage (in the Jerma and
Vrla rivers) is likely a consequence of direct ﬁsh transfer from one drainage
into another: for example, trout-farms situated on upper reaches of the Aegean
drainage in western Bulgaria have been largely used for stocking of the Jerma
River (A. Pani´ c, personal communication). This may be the main reason why
only the Ad haplotype was found there. Water pumping from the Struma River
(Aegean drainage) to the Vlasina River reservoir [25] that supplies hydropower
plants located on the Vrla River, may have been another eﬃcient means of ﬁsh
transfer between the drainages.
Despite having one haplotype in common, clear genetic partitioning be-
tween the Adriatic and Aegean drainages was found. It should be recalled that
the presence of the shared haplotype Ad*Prz found in the Aegean drainage is a
consequence of brown trout transfer undertaken during the 1970s, when brown
trout from the Neretva basin (Adriatic drainage, Bosnia and Herzegovina) were
introduced into the Tripušnica River (Archives of the Anglers’Association of
Trgovište). The natural range of the Ad*Prz haplotype, therefore, likely com-
prises not only the Prizrenska Bistrica River, as found in this study, but also
the Neretva basin. It is worth noting at this point that the Ad*Prz haplotype is
highly related to the AdN haplotype (Tab. II, Fig. 2); both haplotypes formed a
clade that was statistically supported with the same level of probability as the
already established clades (e.g. Me and Ma) and all three clades were equally
distant from the central ADcs1 haplotype (Fig. 3). The AdN haplotype has
also been found in native brown trout of the Neretva basin. It is therefore ev-
ident that the Ad*Prz and AdN haplotypes are associated with the same riverPhylogeographyof brown trout in Serbia 427
systems of the southwestern Balkans and that they show similar patterns of
geographic distribution. Most interestingly, the joint distribution of the hap-
lotypes corresponds well to the distribution of Salmo farioides, proposed by
Karaman [13, 20], which was erected in 1938 to classify allegedly distinct
brown trout of the southwestern Balkans (see also [13,20,22,33]). All these
lines of evidence lead us to the intriguing speculation that genetically distinct
lineages of brown trout may have evolved in the southwestern Balkans. Al-
though the current information may not be suﬃcient to draw any ﬁrm conclu-
sions, we nevertheless suggest that some consideration should be given to this
idea since it may have the potential to resolve an interesting aspect of brown
trout evolutionary history in the Balkan Peninsula.
The topology resolution between the main evolutionary lineages (i.e., Danu-
bian, Atlantic and “southern”) of S. trutta is despite several already performed
phylogenetic studies (e.g., [6, 12, 28]) still unclear and not uniformly inter-
preted. We expected that the inclusion of the additional outgroup S. ohridanus
would improve it, however, the clustering of the At clade with the Da one was
weak (Fig. 2) and therefore a branching order for the main clades remained
unresolved. Nevertheless, several ancestral character states found in the most
basal haplotypes within the Danubian clade (Sect. 3.1, Tab. II) suggested that
the Danubian populations might be the oldest fragmented lineage of the S.
trutta complex. The ancestral position of the Da lineage has been recently im-
plied through nucleotide analysis of complete CR of mtDNA [12] and corrob-
orated by a study based on the transferrin gene [1]. Some extremely divergent
Danubian haplotypes, such as the Da*Vr and Da*Dž haplotypes represent-
ing the intermediate position within the entire haplotype network (Fig. 3), or
as previously described haplotypes Da26 found in the upper Tigris [31], and
Da24 found in the northern Danubian Drainage in Austria [14], additionally
suggest the long existence of the Da clade in S. trutta evolution.
4.1. Conclusion
Our study shows that indigenous brown trout still exist in Serbia, at least
in the upper reaches of main watercourses. This information is of particular
importance for management strategies, especially in terms of maintaining au-
tochthonous genetic diversity of brown trout, both in Serbia and neighbouring
countries.
High genetic diversity revealed through several newly described polymor-
phisms found within diﬀerent brown trout lineages and through extremely
deep divergence within the Danubian populations, was characteristic of the428 S. Mari´ c et al.
populations of trout studied throughout the sampled area in southern Serbia.
Since this area represents only a minor part of the whole Balkan Peninsula,
genetic polymorphism of the brown trout within the region as a whole may
be considered even higher. This level of genetic polymorphism along with
the suspected existence of an evolutionary distinct lineage within the Adriatic
drainage, suggests that an extended analysis of Balkan brown trout, especially
stocks from the countries adjacent to Serbia (i.e., Montenegro, Albania, Mace-
donia, Bulgaria and Bosnia-Herzegovina), need to be performed in the future.
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